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Ion storage in an electrostatic trap has been implemented with the introduction of the Orbitrap
Fourier transform mass spectrometer (FTMS), which demonstrates performance similar to
high-field ion cyclotron resonance MS. High mass spectral characteristics resulted in rapid
acceptance of the Orbitrap FTMS for Life Sciences applications. The basics of Orbitrap
operation are well documented; however, like in any ion trap MS technology, its performance
is limited by interactions between the ion clouds. These interactions result in ion cloud
couplings, systematic errors in measured masses, interference between ion clouds of
different size yet with close m/z ratios, etc. In this work, we have characterized the
space-charge effect on the measured frequency for the Orbitrap FTMS, looking for the
possibility to achieve sub-ppm levels of mass measurement accuracy (MMA) for peptides
in a wide range of total ion population. As a result of this characterization, we proposed
an m/z calibration law for the Orbitrap FTMS that accounts for the total ion population
present in the trap during a data acquisition event. Using this law, we were able to achieve
a zero-space charge MMA limit of 80 ppb for the commercial Orbitrap FTMS system and
sub-ppm level of MMA over a wide range of total ion populations with the automatic gain
control values varying from 10 to 107. (J Am Soc Mass Spectrom 2010, 21, 1846–1851) © 2010
American Society for Mass SpectrometryTwo major approaches, known as “bottom-up”and “top-down”, are used for identification ofpeptides by mass spectrometry [1–4]. Both ap-
proaches benefit from high mass accuracy [5–7]. The
number of possible sequence candidates decreases rap-
idly with increasing molecular mass accuracy (MMA).
The MMA of 100 ppb (the level yet to be achieved) is in
general insufficient for unique identification of a pep-
tide by its molecular mass, although it allows assigning
a peptidogenic elemental composition for precursor
peptide ions up to a mass of 1000 Da [8–10]. However,
the 1 ppm mass accuracy, which is routinely available
today [11] in Fourier transform ion cyclotron resonance
mass spectrometry (FTICR MS), is often sufficient for
deducing unique amino acid composition (excluding
the case of the isomeric leucine and isoleucine residues)
for an arbitrary peptide below ca. 600 Da [8]. Also, as
has been suggested recently, some peptides do possess
molecular masses that are unique within the genome
[12]. When measured with sufficiently high accuracy,
such masses can be used as “accurate mass tags” for
unambiguous protein identification [13]. The required
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doi:10.1016/j.jasms.2010.06.021mass accuracy is below 10 ppm for the peptides with
molecular weights above 2500 Da and below 1 ppm
level for 1 kDa peptides.
In high-performance mass spectrometers, it is usu-
ally easier to obtain high-resolution than high mass
accuracy. For instance, FTICR MS can resolve ions of
1 kDa polypeptides differing by less than the mass
of an electron (0.545 mDa) [8]. The demonstrated
resolving power of 3000,000 should be sufficient for
routine mass accuracy of 100 ppb, yet the 1 ppm
“barrier” for peptide masses turned out to be surpris-
ingly resilient in FT ICR. The progress in MS technol-
ogy in recent years created a line of commercially
available products with previously unimaginable
performance. The most notable example is the re-
cently introduced 3D electrostatic FT mass-analyzer
Orbitrap [14]. This instrument provides resolving
power exceeding that of modern time-of-flight MS
and mass measurement accuracy comparable with
that of FTICR MS. For example, MMA of less than 1
ppm over a dynamic range of 5000 (max/min inten-
sity ratios) has been reported using the commercial
hybrid LTQ Orbitrap FTMS system [15, 16].
The Orbitrap’s operation is based upon the ion
orbital trapping in an electrostatic field with a 3D
potential distribution described elsewhere in cylindrical
coordinates (r,Z) as follows [14]:
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in which k is the field curvature, C is a constant, and Rm
is the characteristic radius. The ion trajectory in such a
field exhibits a combination of three decoupled funda-
mental motions: a rotation around the central electrode,
radial oscillations around the middle trajectory of rota-
tion, and axial oscillations along the central electrode.
Because the potential distribution along the Z-axis is
parabolic, the frequency of the latter oscillations is
independent of their amplitude. These axial oscillations are
recorded as time domain image current signals fol-
lowed by Fast Fourier transform (FFT) to extract the
frequencies. To derive an analytical expression for the
frequency of axial oscillations we may assume that ion’s
motion in radial plane and along the Z-axis are com-
pletely decoupled and consider the general equation of
ion motion as:
m
d2Z
dt2
 qEz (2)
in which Ez is defined by the potential r,Z as follows:
Ez   dZ. From eq 1, the latter results in the
following equation of motion (assuming that C, k, and
Rm are independent of Z):
m
d2Z
dt2
q

dZ
qkZ (3)
Assuming that Z-motion of ions in an Orbitrap is
periodic with the frequency f, eq 3 presents the common
equation of motion for harmonic oscillator, Z  (2f)2Z 
0. Therefore, one can easily obtain the general equation
for the measured frequency, f, in an Orbitrap:
f
1
2 k(m z) (4)
in which m/z is the mass-to-charge ratio of the ions.
Eq 4 gives the following “basic” calibration equation
for the Orbitrap FTMS:
m
z

A
f 2
(5)
where A is the calibration constant. Note, that the field
curvature k in eq 1 is proportional to the amplitude of
the electrostatic voltage, Vc, applied to the central
electrode, and, therefore, from eq 4, f  Vc. Eq 4 is
similar to the equation for ions’ axial oscillations in an
FTICR trap in harmonic extension of the corresponding
trapping electrostatic field [17]. In other words, the
measurement of the axial oscillations in FTICR MS is a
proper analogy to that in an Orbitrap FTMS. In bothcases, the measured frequency depends on the ampli-
tude of electrostatic field, trap geometry, and the m/z
ratio. However, application of the Orbitrap’s principle
of detection based on the measurements of ions’ axial
oscillations to FTICR MS presents a challenge. Indeed,
to increase the frequency of axial oscillations in FTICR
up to the comparable values (from the resolving power
viewpoint), one has to increase the amplitude of elec-
trostatic voltage applied to the FTICR trap electrodes.
For example, for a 5-cm cubic FTICR trap with a
perfectly harmonic trapping field, the axial oscillation
frequency of, e.g., 100,000 Hz for the m/z 1000 will be
achieved at the voltage of 2000 VDC. However, at this
voltage the upper limit of m/z being trapped in the
cyclotron motion plane of the FTICR trap (critical mass)
will be 1000 for a magnetic field of 10 Tesla. In reality,
the actual critical m/z, at which the ions are not trapped
in the cyclotron plane, may be even less [18]. This
makes implementation of the Orbitrap’s signal mea-
surement principles in FTICR MS impractical. More-
over, while the harmonization of ions’ axial oscillations
may be possible over the whole volume of the FTICR
trap [19], the axial frequency shifts due to the magnetic
field inhomogeneity [20] will result in unacceptable
systematic errors in the measured masses.
Space-charge from the ions present in the Orbitrap
changes the effective trapping field. These changes can
be considered as small perturbations in the electrostatic
field that affect the measured frequency of ions’ axial
oscillations. In general, the measured frequency be-
comes dependent on the total space charge generated
by the ions, which is typically controlled by the auto-
matic gain control (AGC). Therefore, studying the effect
of changing AGC value reveals the functional depen-
dence of the ions’ behavior on the total space charge. In
this work we were interested in the effect of the AGC
value on the measured frequencies of ions’ oscillations.
As it was well documented in the FTICR MS literature,
there are several models developed for FTICR MS ion
traps of different geometries to account for the space-
charge-dependent shifts in measured frequency [21–25].
According to these models, the space-charge shift in the
measured cyclotron frequency is linearly proportional
to the number of ions. This property of the FTICR MS
was reflected in a number of calibration functions used
to take into account the amount of trapped ions [22,
26–30]. The purpose of this work was to experimentally
determine the functional dependence of the measured
frequency of ions’ axial oscillations in an Orbitrap
FTMS on the total number of ions and develop the
calibration equation that takes this into account.
Experimental
In this work, we used a commercial LTQ Orbitrap Velos
mass spectrometer (ThermoScientific, Bremen, Ger-
many) to study the mass accuracy and resolving power
effects in an Orbitrap. The instrument was calibrated
using an automatic routine based on a standard calibra-
R (b
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Ultramark 1621 (Sigma Chemical Company, St. Louis,
USA). This external mass scale calibration was used
only for peak identification purposes, as all mass spec-
tra were then internally calibrated using several known
ions. The solutions were electrosprayed using the
Proxeon (Odense, Denmark) nano-ESI interface
through a metal-coated nano-ESI pulled glass capillary
(Protana Engineering, Odense, Denmark) at a flow rate
of 200 nL/min. The voltage applied to the capillary was
1 kV, and the desolvation heated metal capillary of
the LTQ was maintained at 140 °C. Xcalibur 2.1 soft-
ware was used for control of the experimental event
sequence as well as visualization, processing, and stor-
age of mass spectral data. The transient time domain
signals obtained by broad-band differential dipolar
detection were amplified and digitized followed by
apodization and magnitude-mode Fast Fourier trans-
form. Frequency measurements were based on the
centroids of the monoisotopic peaks. Calculations of
exact masses of peptides were made using the latest
AME2003 atomic mass evaluation [31].
Results
The LTQ Orbitrap instrument possesses the AGC func-
tionality, which allows one to accumulate in the trap the
same number of ions each time, according to the preset
AGC value. We assume here that AGC is proportional
to the total number of ions loaded into the trap. This
assumption may not be correct in the case of non-
Figure 1. Dependence of the relative change in
variety of ions from the MRFA-Ultramark 162
doubly-charged synthetic peptide DNYDEGFGHuniform ion beams, pulsed ionization sources, or due toinstabilities in the source’s operation. Therefore, in the
further analysis we consider all studied effects as de-
pendent on the instrument-provided AGC value rather
than the real physical parameter such as the actual
number of ions present in the trap. Figure 1a shows
dependence of the frequencies measured for the ions
from the MRFA-Ultramark 1621 calibration mixture.
Similar dependence was observed for synthetic pep-
tides (shown in Figure 1b) in separate experiments.
However, the rate of the frequency decrease for doubly
charged peptide ions was two times higher than for the
singly charge ions of similar m/z ratio from the MRFA-
Ultramark 1621 mixture. This contradicts the general
assumption that the frequency shift due to the space
charge effect has to be m/z-dependent, and independent
Figure 2. Dependence of the calibration constant A defined by eq
easured frequency on pre-set AGC value for a
bration mixture (a) and the separately loaded
).the m
1 cali6 and averaged for all the ions studied on AGC value.
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this observation, and it thus warrants further investiga-
tion using ions with different m/z ratios, selectively
isolated in the LTQ before injection into the C-trap.
However, our preliminary studies on the relative fre-
quency shift with AGC using multiply charged cyto-
chrome c ions (results not shown) supported the results
from MRFA-Ultramark 1621 experiments shown in
Figure 1a. Note that the frequency was shifting down-
ward with increasing AGC value, following the func-
tion ofAGC. This demonstrates a difference between
the frequencies measured in Orbitrap FTMS and FTICR
MS. In the latter, the frequency shifts downward lin-
early with AGC. The reason for the differences in the
frequency behavior may be due to limitations implied
for the Orbitrap by the presence of C-trap with limited
space charge capacity. However, some reports suggest
that the ejection part of the LTQ has lesser space charge
capacity compared with the C-trap [32] and, thus, the
limitation of the number of charges loaded into the
Orbitrap analyzer may be related to the other elements
Figure 3. Dependence of the mass measurement accuracy
(MMA) obtained for the ions from MRFA-Ultramark 1621 calibra-
tion mixture using different calibration functions on AGC value:
(a) zero-space charge approximation (eq 5); (b) AGC -dependent
calibration function found from this study (eq 7); and (c) instru-
ment’s built-in calibration function (eq 9) with calibration con-
stants empirically determined for different ranges of AGC.
Table 1. Self-consistency test of the Orbitrap calibration using e
masses have been calculated for two AGC regions. Self-consisten
Substance Theoretical m/z
AGC ran
Average
measured m/z
Caffeine 195.087652 195.0876581
MRFA-acetate 524.264964 524.264820
Utmk1621 1121.997024 1121.99700
Utmk1621 1221.990636 1221.99053
Utmk1621 1321.984249 1321.98411
Utmk1621 1421.977862 1421.97791
Utmk1621 1521.971475 1521.97134
Utmk1621 1621.965088 1621.96464
Utmk1621 1721.958701 1721.95884
Average MMA across the whole m/z regionof the ion guide. The uncertainties with this issue
warrant further studies.
The measured frequency was further used to calcu-
late calibration coefficient A in eq 3. For each of the ions
from the calibration mixture, this coefficient was deter-
mined as
Ai f i
2mz i,theor (6)
followed by the averaging of Ai values for all ions
measured at the particular AGC value. Figure 2 shows
dependence of the average calibration coefficient on the
AGC. Expectedly, it also depends on AGC. Given
the result shown in Figure 2 and eq 5, we can write the
following calibration equation for the Orbitrap FTMS
that takes into account the total ion population in the
trap:
m
z

A
f 2

BAGC
f 2
(7)
in which A is the zero-space charge term, and B is the
second coefficient determined by the dependence of the
measured frequency on AGC. Both terms in the calibra-
tion equation can be determined empirically. The best
fit of dependence shown in Figure 2 using the equation
A  BAGC resulted in the following coefficients in
eq 7:
A 47501027.5 (3.8 ) u  (kHz)2;
B0.13674 (39) u  (kHz)2 (8)
with R2  0.993 for the fit. Note that these coefficients
are specific for the trap size and the amplitude of the
trapping voltage applied to the central electrode. When
these parameters change the m/z scale has to be re-
calibrated. The calibration equation coefficients can also
be specific to experimental parameters. For example,
vacuum conditions in the C-trap region may affect its
and 8. The relative deviations between measured and theoretical
t of MMA for MRFA-Ultramark 1621 calibration mixture
0 to 106 AGC range: 10 to 107
Relative mass
deviation, ppb
Average
measured m/z
Relative mass
deviation, ppb
31 195.087643 44
193 524.264921 82
24 1121.997202 159
86 1221.990725 73
107 1321.984220 21
34 1421.977992 92
89 1521.971301 114
274 1621.964448 395
81 1721.958279 245qs 7
cy tes
ge: 1102 136
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dence on AGC. The error in first term A represents the
ultimate error in mass determination for the Orbitrap
FTMS instrument used in this work in zero-space
charge approximation. From eq 8, this error was 80 ppb
for our measurements. Figure 3 shows comparison of
the MMA for the calibration mixture MRFA-Ultramark
1621 used in this study and calculated using both the
basic Orbitrap’s calibration eq 5 and the space-charge
dependent eq 7 over the range of AGC values from 10
to 107. Note, that the LTQ Orbitrap Velos also utilizes
the AGC-dependent calibration function, which can
reportedly be written as follows:
m
z

A
f 2

B
f 3
(9)
in which both parameters have different values and
functional dependences for three different ranges of
AGCs. The results of the MMA obtained for the same
mixture using built-in calibration function are also
shown in Figure 3. We believe that the calibration eq 5
presents a better opportunity to achieve below 100 ppb
mass measurement accuracy as it reflects the funda-
mental properties of the Orbitrap’s operation rather
than an empirical fit by the regression function. Table 1
summarizes the results of calibration using MRFA-
Ultramark 1621 mixture. The calibration constant from
eq 8 were used to calculate average m/z ratios for the
mixture substances in two AGC regions: 10–106 and
10–107. At low AGC values as shown in Figure 4, we
have received relative mass deviation error of 100 ppb
that supports the zero-space charge MMA limit for the
Orbitrap instrument used in this work.
Conclusion
The functional dependence of the measured frequency
on AGC allows obtaining high MMA in a wider range
of the number of trapped ions. Contrary to the FTICR
Figure 4. Dependence of the relative mass measurement accu-
racy obtained for the ions from MRFA-Ultramark 1621 calibration
mixture using calibration function proposed in this work (eqs 7
and 8) in the low AGC range from 10 to 106.MS, the measured frequency in Orbitrap depends onthe square root of the total number of trapped ions.
Based on this observation, we introduced a calibration
equation for the Orbitrap. Using this equation, we were
able to obtain a MMA of 100 ppb over the m/z range
from 100 to 2000 for AGCs varying from 10 to 10,000,
and sub-ppm MMA for up to 107 AGC values.
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